This paper presents possible variants of reducing the heat loss in an existing heating network made from single pre-insulated pipes located in central Europe. In order to achieve this aim, simulations were carried out for five different variants related to the modification of the network operation temperature, replacement of a single network with a double pre-insulated one, and changes in the cross-section geometry of the thermal insulation of the double heating network from circular to egg-shaped. The proposed egg-shaped thermal insulation was obtained by modifying the shape of the Cassini oval, in that the supply pipe has a greater insulation thickness compared to the return pipe. The larger insulation field in the supply pipe contributed to reducing the heat flux density around the supply line and, as a result, to significantly reducing heat loss. The egg-shaped thermal insulation described in the publication in a mathematical formula can be used in practice. This work compares the heat losses for the presented variants and determines the ecological effect. Heat losses were determined using the boundary element method (BEM), using a proprietary computer program written as part of the VIPSKILLS 2016-1-PL01-KA203-026152 project Erasmus+.
Introduction
Pre-insulated heating networks are now widely used to transport heat from central energy sources to local consumers. Analyses of heat supply to customers by district heating networks indicate a significant reduction in pollution emitted to the atmosphere in cities. Guelpa at al. [1] showed that the construction of a network in urban areas causes a significant reduction of carbon dioxide emissions to the air, while Ravina et al. [2] pointed out that district heating networks could contribute to the reduction of emissions of nitrogen oxides and suspended particulates in the Italian city of Turin. The ecological effect may be raised by the cooperation of district heating networks pre-insulated especially by low-temperature heating networks with renewable heat sources [3, 4] . The work of district heating networks is undoubtedly influenced by the management of district heating networks [5] [6] [7] , as well as the type of local heat consumers [7, 8] . The energy-saving operation of pre-insulated networks depends primarily on minimizing heat losses [9] . Reduction of heat losses contributes to the improvement of the ecological effect [10] . The presented results of research on double pre-insulated networks in Reference [11] showed that, in standard pre-insulated district heating networks with increasing pipe diameter and mass flow, heat losses increase. An increase in the operating temperature of the heating network also causes an increase in heat losses [12] . A reduction of heat losses can be obtained by changing the geometry of the position of the pipe in the thermal insulation or by changing the geometry of the cross-section of the thermal insulation. Reference [13] proposed a modification of the location of the heating ducts in a common circular insulation, resulting in a reduction of heat losses.
In district heating networks, pre-insulated double ducts with round thermal insulation are commonly used. This solution is characterized by the fact that, under the supply pipe, the insulation thickness is too small [14] , resulting in a maximum heat flux at this point, while the left and right sides of the supply and return duct have a thermal insulation field with low heat transfer. The solution to this problem may be the use of an elliptical or oval-shaped thermal insulation, which would make it possible to obtain a more uniform thickness of thermal insulation around the heating ducts as compared to circular thermal insulation. The use of oval-shaped thermal insulation [15] or ellipses [10] results in the supply and return lines being insulated with the same thickness of thermal insulation. In pre-insulated heating networks, the temperature difference between the supply and return pipes can be significant, resulting in the supply pipe generating higher heat losses than the return pipe. In order to reduce heat losses through the supply pipe, it is possible to use such a modification of the shape of the thermal insulation that will allow the thickness of thermal insulation in the area of the supply pipe to be increased at the expense of the thermal insulation field in which the heat exchange is low. The solution to this problem may be the use of a shape of thermal insulation similar to the shape of an egg, which in the lower part is characterized by a greater thickness of thermal insulation, while in the upper part is characterized by a smaller thickness. Egg-shaped thermal insulations were published in Reference [16] . Unfortunately, the authors did not present mathematical formulas describing these shapes.
In this work, a mathematical formula of the contour of egg-shaped thermal insulation is presented and, based on an existing heating network in Poland, a comparison of egg-shaped thermal insulation with existing solutions is presented. Figure 1a presents a photograph of a prototype double pre-insulated pipe with egg-shaped thermal insulation, which was made as part of the VIPSKILLS 2016-1-PL01-KA203-026152 project Erasmus+, while Figure 1a shows the geometry and boundary conditions of the thermal insulation geometry presented in this work. The aim of the work was also to present the ecological effect of a district heating network with high-temperature and low-temperature options for the single pre-insulated network, double pre-insulated network with round thermal insulation, and double pre-insulated network with egg-shaped thermal insulation. round thermal insulation, and double pre-insulated network with egg-shaped thermal insulation.
) a ) b ) a Figure 1 . An example of a prototype (a) of a double pre-insulated, egg-shaped thermal insulation pipe made as part of the VIPSKILLS 2016-1-PL01-KA203-026152 project Erasmus+, and boundary conditions (b) adopted for calculating numerical heat losses in the adopted double heating networks.
Optimization of the Shape of the Thermal Insulation for the Pre-Insulated Double Duct Based on the Temperature Field and the Heat Flux Density Distribution in the Cross-Section of the Thermal Insulation
Numerical studies of pre-insulated heating networks can be made on the basis of one-dimensional [17] [18] [19] [20] , two-dimensional [15, 21] , and three-dimensional [12, 22] analytical or numerical models. For the purpose of this work, in order to perform numerical calculations, a calculation program of stationary two-dimensional heat conduction written in Fortran using the boundary element method was used, the verification of which was presented in References [10, 14] . Details of the application of the boundary element method in thermal conductivity can be found in References [23, 24] . The unit heat flux through the outer part of the thermal insulation can be determined from the Laplace equation as follows:
The boundary condition of Dirichlet is assumed for calculations as the temperature on the walls on the supply line T S and return line T R , which are equal to the temperature of the heating medium and the temperature on the outer surface of the thermal insulation, which is equal to ground temperature T o = 8 • C. The thermal conductivity coefficient of thermal insulation (polyurethane foam) was assumed equal to k = 0.0265 W/(m·K). Detailed analysis of heat losses through the supply and return lines was presented in Reference [10] . The basic requirements for thermal insulation of pre-insulated heating networks are also described in the literature [25] . In order to optimize the shape of thermal insulation, the egg shape described in the following modified Cassini oval equation is proposed ( Figure 1b ):
where α is the coordinate of the cylindrical system, a and b are shape coefficients, and S is the scale factor depending on the thermal insulation field A ti .
After determining the temperature field in the cross-section of the thermal insulation of the pre-insulated double duct, the density of the heat flux within the area A ti can be determined from the following dependence ( Figure 1b ):
Optimization of the shape of thermal insulation can be based on the analysis of the heat flux density distribution in the cross-section of thermal insulation determined from Equation (3). For the following calculations (T S = 130 • C, T R = 55 • C), a cross-section of a pre-insulated double heating network with round thermal insulation with an external diameter D = 560 mm was assumed, in which the diameters of the supply and return ducts were equal to d = 291.1 mm with egg-shaped thermal insulation, whose cross-sectional area is the same as in the case of a twin pipe heating network with circular thermal insulation. Figure 2a (2). A characteristic feature of a typical twin pipe network is a large temperature gradient ( Figure 2a ) and a significant heat flux density (Figure 2c ) under the supply line, which is caused by the small thickness of the thermal insulation at this location and the large temperature difference between the supply and ground [14] . A completely different situation can be seen on the left and right sides of the thermal insulation of the return pipe, where, as a result of a significant thickness of thermal insulation and the impact of the return temperature, which is smaller than the supply temperature, the temperature gradient and the flow density are small. This part of the thermal insulation with a low temperature gradient and low heat flux density can be "transferred" to the part where the temperature gradient and the heat flux density are significant in the vicinity of the supply pipe. The shape described by Equation (2) is characterized by a greater thickness in the lower part of the supply line and a smaller thickness from the left and right sides of the return line, resulting in the thermal insulation being more effectively used. Figure 3a ,b presents a comparison of the heat flux density at the boundary of the thermal insulation for circular insulation and for the shape of an egg. A change in the geometry of the thermal insulation reduced the heat flow under the supply line, while, on the left and on the right, there was a slight increase in the heat flux. The trend of heat flux density distribution in a pre-insulated duct with circular thermal insulation (Figure 3a A completely different situation can be seen on the left and right sides of the thermal insulation of the return pipe, where, as a result of a significant thickness of thermal insulation and the impact of the return temperature, which is smaller than the supply temperature, the temperature gradient and the flow density are small. This part of the thermal insulation with a low temperature gradient and low heat flux density can be "transferred" to the part where the temperature gradient and the heat flux density are significant in the vicinity of the supply pipe. The shape described by Equation (2) is characterized by a greater thickness in the lower part of the supply line and a smaller thickness from the left and right sides of the return line, resulting in the thermal insulation being more effectively used. Figure 3a ,b presents a comparison of the heat flux density at the boundary of the thermal insulation for circular insulation and for the shape of an egg. A change in the geometry of the thermal insulation reduced the heat flow under the supply line, while, on the left and on the right, there was a slight increase in the heat flux. The trend of heat flux density distribution in a pre-insulated duct with circular thermal insulation (Figure 3a ,b) is consistent with the results of the calculations in Reference [12] . 
Ecological Effect of Modifying Operating Parameters and the Shape of Thermal Insulation of an Existing Pre-Insulated Heating Network Located in Central Poland
The possibilities for the optimization of an existing single pre-insulated network located in Warsaw in central Poland are presented below. The location of the heating network on the satellite image [26] is shown in Figure 4a . The network is supplied by a gas-fired district heating plant ( Figure 4b ) and provides heat for the heating of buildings during the heating season and domestic hot water (DHW) all year for a small housing estate of multi-family buildings. The network was designed in a few steps, as the estate was expanded and runs along residential streets, as shown in Figure 4a . The analyzed part of the network supplies seven buildings; the total heat load for heating was estimated as 957 kW, while heat load for DHW was estimated as 495 kW [27] . During the heating season, which lasts 255 days, the network operation parameters are TS = 130 °C and TR = 55 °C for the supply and return lines, respectively, whereas, after the heating season, the heating network works only for the purposes of domestic hot water (110 days), and the heating network operation parameters are TS = 70 °C and TR = 25 °C. The heating network operates in the heating season as a high-temperature network, and after the heating season as a low-temperature 
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The possibilities for the optimization of an existing single pre-insulated network located in Warsaw in central Poland are presented below. The location of the heating network on the satellite image [26] is shown in Figure 4a . The network is supplied by a gas-fired district heating plant ( Figure 4b ) and provides heat for the heating of buildings during the heating season and domestic hot water (DHW) all year for a small housing estate of multi-family buildings. The network was designed in a few steps, as the estate was expanded and runs along residential streets, as shown in Figure 4a . The analyzed part of the network supplies seven buildings; the total heat load for heating was estimated as 957 kW, while heat load for DHW was estimated as 495 kW [27] . During the heating season, which lasts 255 days, the network operation parameters are TS = 130 °C and TR = 55 °C for the supply and return lines, respectively, whereas, after the heating season, the heating network works only for the purposes of domestic hot water (110 days), and the heating network operation parameters are TS = 70 °C and TR = 25 °C. The heating network operates in the heating season as a high-temperature network, and after the heating season as a low-temperature During the heating season, which lasts 255 days, the network operation parameters are T S = 130 • C and T R = 55 • C for the supply and return lines, respectively, whereas, after the heating season, the heating network works only for the purposes of domestic hot water (110 days), and the heating network operation parameters are T S = 70 • C and T R = 25 • C. The heating network operates in the heating season as a high-temperature network, and after the heating season as a low-temperature network. The total length of the network is 553.2 m [27] . The geometry of the network (diameters of heating ducts, diameters of thermal insulation D, length of pipes L, and cross-sectional area of thermal insulation A ti ) and flow velocities are presented in Table 1 . Five variants were adopted to examine the ecological effect as follows: The geometry of a typical twin pipe heating network with round thermal insulation for variants B and C is presented in Table 2 . The unit heat losses determined by the boundary element method for the selected diameters of pre-insulated single, double, circular, and egg-shaped thermal insulation networks depending on the average temperature of the heating medium (T m = (T S + T R )/2) are shown in Figure 5 . Heat losses for pipes pre-insulated with circular and egg-shaped thermal insulation depend linearly on the temperature T m . As the average temperature of the heating medium and the diameter of the duct increase, the heat losses increase. Heat losses in pre-insulated double ducts with circular thermal insulation are on average 41% lower than in the case of single pre-insulated ducts, where, for d = 89.1 mm ducts, heat losses are lower by approximately 31%, while, for d = 219.1 mm ducts, they are lower by 46%. The difference in heat losses between a pre-insulated double duct with a circular thermal insulation for a d = 89.1 mm pipe is in accordance with the calculations in Reference [16] . As in the case of pre-insulated double pre-insulated pipes with circular thermal insulation ( Figure 5 ), the lowest difference between heat losses of single and double pipes with egg-shaped thermal insulation occurs for diameter d = 89.1 mm, and the largest for ducts of diameter d = 219.1 mm. Heat losses in pre-insulated double ducts with egg-shaped thermal insulation are, on average, 51% lower than in the case of pre-insulated single ducts, where, for d = 89.1 mm ducts, heat losses are lower by about 40%, while, for d = 219.1 mm, they are lower by 56%. The difference in heat losses between single and double pre-insulated pipes with egg-shaped thermal insulation is higher by about 3% with the same difference presented in Reference [16] . It should be emphasized that, in Reference [16] , the shape of the cross-section of egg-shaped thermal isolation was not described mathematically; therefore, the comparison of the results of calculations of this work with the results of Reference [16] is estimated in the case of the egg shape. The unit heat losses between pre-insulated double-ducts with egg-shaped thermal insulation are about 15.5% lower than in the case of a double duct with circular thermal insulation. This result is better than elliptical [10] and Cassini oval [15] thermal insulations. The main advantage of egg-shaped thermal insulation is the greater thickness of thermal insulation within the supply pipe compared to the return pipe, so that heat losses can be significantly reduced.
When comparing the heat losses in the networks mentioned above, it should be noted that the total area of thermal insulation of the cross-section of the supply and return pipes of single networks As in the case of pre-insulated double pre-insulated pipes with circular thermal insulation ( Figure 5 ), the lowest difference between heat losses of single and double pipes with egg-shaped thermal insulation occurs for diameter d = 89.1 mm, and the largest for ducts of diameter d = 219.1 mm. Heat losses in pre-insulated double ducts with egg-shaped thermal insulation are, on average, 51% lower than in the case of pre-insulated single ducts, where, for d = 89.1 mm ducts, heat losses are lower by about 40%, while, for d = 219.1 mm, they are lower by 56%. The difference in heat losses between single and double pre-insulated pipes with egg-shaped thermal insulation is higher by about 3% with the same difference presented in Reference [16] . It should be emphasized that, in Reference [16] , the shape of the cross-section of egg-shaped thermal isolation was not described mathematically; therefore, the comparison of the results of calculations of this work with the results of Reference [16] is estimated in the case of the egg shape. The unit heat losses between pre-insulated double-ducts with egg-shaped thermal insulation are about 15.5% lower than in the case of a double duct with circular thermal insulation. This result is better than elliptical [10] and Cassini oval [15] thermal insulations. The main advantage of egg-shaped thermal insulation is the greater thickness of thermal insulation within the supply pipe compared to the return pipe, so that heat losses can be significantly reduced.
When comparing the heat losses in the networks mentioned above, it should be noted that the total area of thermal insulation of the cross-section of the supply and return pipes of single networks (Table 1) is smaller than the cross-section area of double insulated pre-insulated pipes ( Table 2 ). In the case of double pipes, the thermal insulation fields of circular and egg-shaped cross-section are equal. Table 3 presents the results of calculations of energy losses used for heat losses for the presented heating network. The highest energy consumption for heat losses is carried out by pre-insulated heating networks (existing condition) and is equal to 893 GJ. The reduction of the temperature difference between the supply and return pipes from 130/55 • C to 70/25 • C (variant A) results in a reduction of energy consumption for heat losses by approximately 44%. In variant A, in order to maintain the current heating network performance with a reduced temperature difference of 70/25 • C, the velocity from Table 1 in the existing pre-insulated network should be increased by 44%, resulting in a maximum velocity in the heating network of 1.7 m/s. According to the literature [28] , the condition of the optimal velocity in the heating network for variant A is fulfilled. However, it is worthy to note that, in other networks, it could sometimes result in crossing the velocity limit, thereby resulting in the selection of pipes with the higher diameters, which would increase the investment expenditures. The increase in the velocity in the heating network generates greater hydraulic losses, which in turn make it necessary to replace circulation pumps supplying the existing heating network. The reduction of temperatures from 130/55 • C to 70/25 • C also makes it necessary to modernize local heating centers in buildings and central heating installations, and above all to replace radiators with larger ones in order to increase the heat exchange surface. Therefore, this variant is recommended to take into consideration new-build estates with low-energy buildings and new district heating systems, or in cases of integrated investments in the field of thermal retrofitting of buildings envelopes and improvements in HVAC (heating, ventilation, and air conditioning) systems that result in a high reduction of energy consumption [29, 30] . Table 3 . Energy resulting from heat losses for the existing heating network and the assumed variants of the heating network located in north-eastern Poland. In the case of variant B, which consists in modernization by replacing single pre-insulated heating network pipes with double pre-insulated pipes with circular thermal insulation while maintaining the network operation parameters, the energy used for heat losses decreases by approximately 43% compared to the existing single heating network. The reduction of heat losses is slightly lower than that in variant A, whereas the components inside the building do not have to be modernized. The main disadvantage of variant B is the considerable cost of replacing the heating network with double pipe pre-insulated pipes.
Description of the Case and Introduced Changes Energy for Heat Losses q (GJ/year)
Variant C is a combination of variants A and B, related to the replacement of the heating network with the twin pipe type with a simultaneous reduction of network operation temperatures, resulting in energy consumption for heat losses decreasing by 68% compared to the existing single pre-insulated network. The cost of implementing variant C is significant, as it covers both the replacement of the heating network and the modernization of indoor components.
Variants D and E relate to the replacement of an existing pre-insulated single heating network with a pre-insulated double network with egg-shaped thermal insulation. It should be noted here that the proposed pre-insulated heating network with egg-shaped thermal insulation is not used commercially. Variants D and E reduce energy consumption in relation to the current state by approximately 52% and 74%, respectively. From the point of view of reducing heat loss, the best solution is a double heating network with egg-shaped thermal insulation.
The results of calculations of the ecological effect for the assumed variants A-E are presented below. Energy used for heat losses of pre-insulated networks is determined from the product of unit heat losses q, length of pipe L, and time t as follows:
where the subscript CS denotes the existing state of the pre-insulated network, while subscripts with variant i = A, B, C, D, or E refer to the type of approach. Reductions in the annual emission of pollutants into the air, as a result of the application of variants (A-E), are calculated according to the following formula:
where E f represents the emission factors. The emission factors nitrogen oxides (NO X ), carbon monoxide (CO), non-methane volatile organic compounds (NMVOC), sulfur oxides (SO X ), total suspended particles (TSP), particulate matter (PM 10 and PM 2.5 ) are based on the literature [31] , while carbon dioxide (CO 2 ) and methane (CH 4 ) were adopted from Reference [32] for the combustion of natural gas for heat production. Table 4 shows the emissions of pollutants resulting from the energy consumption for heat losses of pre-insulated networks for the condition of the existing pre-insulated network and the presented variants A-E, while Table 5 presents the reduction of pollutant emissions for variants A-E.
The heat sources in which natural gas is combusted are characterized by much lower emissions of pollutants into the air than other conventional heat sources [31] . Lowering the temperature of the heating network from 130/55 • C to 70/25 • C (variant A) resulted in a significant reduction of emissions to the atmosphere. In the case of carbon dioxide, the annual reduction in carbon dioxide amounted to 32,159.39 kg/year ( Table 5 ). The transition of heating network operation from the high-temperature variant to the low-temperature one significantly improved the ecological effect.
In the case of the replacement of a single pre-insulated network with a double pre-insulated network with circular thermal insulation, while maintaining the existing heating network operation parameters (variant B), the annual reduction of carbon dioxide emission amounted to 21,704.29 kg/year. The ecological effect for variant B is similar to the result of variant A.
In variant C, pollutant emissions were reduced three-fold as compared to the actual operation of the heating network, while variant D allowed twice the reduction of pollutant emissions to the atmosphere in relation to the existing heating network ( Table 4 ).
The best ecological effect was obtained for variant E, where the emission of pollutants into the air was about four times smaller than in the case of the existing single heat-insulated pre-insulated network. The annual reduction of emitted carbon dioxide to the atmosphere in this case amounted to 36,839.74 kg/year. 
Conclusions
In the presented analysis, the unit heat losses using the boundary element method were calculated first, followed by the energy resulting from heat losses for the exemplary existing heating network, and the reduction of pollutant emissions for the adopted variants were determined. Energy-efficient solutions for heat transport in heating networks undoubtedly constitute a part of modern and ecological heating systems. The reduction of heat losses contributes to the increase of the ecological effect. In this work, a heat loss analysis was performed for different heating system operating temperatures and for two different cross-sectional shapes of thermal insulation of pre-insulated double ducts: circular and egg-shaped thermal insulation. The substitution of high-temperature with low-temperature network operation caused an average reduction in emissions of atmospheric pollutants by about 44%. The deployment of low-temperature networks is recommended in the case of new networks supplying low-energy buildings. However, in the case of existing buildings and networks, before any decision, it is necessary to consider many technical parameters and to estimate costs of modernization in existing systems (for example, replacements of circulation pumps to obtain higher-head pumps, selection of new heat exchangers, or modernization of heating installation with radiators having higher heat exchange surfaces). Therefore, this variant needs a comprehensive cost analysis to be untaken before the decision. The best ecological effect was achieved in the option of low-temperature heating network operation with the change of a single pre-insulated network to a double egg-shaped pre-insulated network, which resulted in a drop in emissions of pollutants into the air by about 74%. The proposed egg-shaped thermal insulation of a double pre-insulated pipe generates less heat losses than typical circular thermal insulations used in double heating lines because it has a larger thermal insulation layer within the supply pipe, where the heat flux density is highest compared to the cross-sectional area of the whole thermal insulation. It should be emphasized that the analysis was carried out for a case study in which only some standard diameters of heating networks were used.
Further studies regarding possibilities to reduce energy consumption and pollutant emission from district heating networks, via optimization of water parameters, thermal storage in the system [33] , and new shapes and materials of isolation, are required. 
